Transgenic sorghum plants (Sorghum bicolor L. Moench, cv. SRN39) were obtained by microprojectile-mediated DNA delivery (Bio-Rad PDS 1000/He Biolistic Delivery System) to explants derived from immature inflorescences. Explants were precuhured on medium supplemented with 2.5 mg/1 (11.31 ~tM) 2,4-D, 0.5 mg/1 (2.32 p.M) kinetin, and 60 g/1 sucrose for 1 to 2 wk prior to bombardment. Bialaphos selection pressure was imposed 2 wk after bombardment and maintained throughout all the culture stages leading to plant regeneration. More than 2500 explants from 1.5 to 3.0 cm inflorescences were bombarded and subjected to bialaphos selection. Out of more than 190 regenerated plants, 5 were determined to be Ignite resistant. Southern analyses confirmed the likelihood that the 5 herbicide resistant plants derived from two independent transformation events. The phosphinothricin acetyhransferase gene (bar) was inherited by and functionally expressed in T~ progeny. However, no 13-glucuronidase (GUS) activity could be detected in T~ plants that contained uidA restriction fragments. Histological analyses indicated that in the absence of bialaphos morphogenesis was primarily via embryogenesis while organogenesis was more predominant in callus maintained with herbicide selection.
INTRODUCTION
Sorghum (Sorghum bicolor L. Moench) was first domesticated in East Africa several thousand years ago and is now a major food and livestock feed crop in Africa, Asia, South America, and the United States (House, 1995) . Sorghum is uniquely adapted, among the major cereals, to semiarid environments (Maunder, 1990) . Consequently, sorghum can be cultivated in areas where drought and high temperature restrict use of other crops.
Comparative analyses of sorghum yield data, obtained from plants in field trials and in production agriculture, indicate that genetic potential for biomass production is not being realized (Krieg and Lascano, 1990) . This yield limitation is, in large part, due to constraints imposed by biotic and abiotic stresses. Recent demonstrations of in planta resistances to insects, viruses, and phytopathogens through genetic transformation (T(ipfer et al., 1990; Martin et at., 1993; Perlak et al., 1993; Liu et at., 1994) portend the future for biotechnology in sorghum crop improvement programs that will augment traditional breeding efforts and improved cultural management practices. The near term impact of biotechnology on agricultural production can be envisaged because of advances in tissue culture and transformation technologies that have resulted in the production of transgenic plants of all major cereals Christou, 1To whom correspondence should be addressed. 1995; Vasil, 1995) , including sorghum (Casas et at., 1993; Kononowicz et al., 1995) .
A key to successful transformation of many cereals has been the invention of microprojectile bombardment devices for DNA delivery into cells with high morphogenic potential (Sanford, 1988; Klein et al., 199.2) . This has circumvented the requirement for direct DNA uptake into protoplasts as the principal means to achieve transformation in species that cannot be transformed by Agrobacterium. So, it is no longer a requisite to identify cell types from which protoplasts can be derived and, subsequently, plants can be regenerated. With particle bombardment, morphogenically competent cells that are located within tissues can be targeted for transformation. Primary explants or primary morphogenic callus derived from these explants have become the principal targets for transformation as these often retain the greatest capacity for expression of morphogenic competence, require minimal technical manipulation, and contain cells that exhibit less somaclonal variation (Hinchee et at., 1994; Maheshwari et al., 1995; Vasil, 1995) .
Transformation of numerous cereals has been achieved using zygotic embryos, typically at an early stage of embryogeny, or embryogenie callus derived from these explants, including barley (Wan and Lemaux, 1994) ; maize (Koziel et al., 1993) ; rice (Christou et al., 1991; Li et al., 1993; Ayres and Park, 1994) ; sorghum (Casas et al., 1993; Kononowicz et al., 1995) ; wheat (Vasil et al., 1993; Weeks et al., 1993; Beeker et al., 1994; Nehra et al., 1994) ; Triticale (Zimny et aI., 1995) ; and tritordeum (Hordeum × Triticum amphiploid) (Bar-
Isolation of immature inflorescences and preparation of explants for particle bombardment. (A) Sorghum plant at the stage for use as an explant source (Bar = 10 cm); (B and C) shoot containing an immature inflorescence after excision of leaf blades (B; Bur = 3 cm) and removing leaf sheaths (C; Bar = 1 cm); (D) isolated immature inflorescence (Bar = 3 mm); (E and F) inflorescence explants consisting of floret, floral primordia and rachis, and rachilla segments (Bars = 3 and 1 ram. respectively); (G,H and/) inflorescence explants placed on a Baxter glass fiber filter paper disk (#391) prior to (G and H) and after bombardment (I); and (K) explants transferred directly onto induction medium 24 h following bombardment (Bars = G and K; Bars = 1.5 cm; H and 1; Bars = 3 ram). celo et al., 1994) . However, widespread agricultural application of this technology is still limited because of the high degree of genetic variation for expression of morphogenic competence. This variability substantially limits application of transformation technology to a limited number of genotypic lines per crop species. Further, the potential applicability of this technology to new breeding lines cannot be predicted. Our initial effort to generate transgenic sorghum plants was constrained by genotypie differences in morphogenic responsiveness of embryo explants (Casas et ah, 1993) . Because genetic variation for morphogenesis varies depending on the explant (Parrott et al., 1991; Morrish et al., 1993; Vast1 and Vasil, 1994; Merkle et al., 1995) , one alternative is to utilize different explants for transformation. For sorghum, regeneration has been achieved from shoot segments of seedlings (Brar et al., 1979) , immature inflorescences (Brettell et ah, 1980; Boyes and Vasil, 1984; Cat and Butler, 1990) , leaf segments (Wernicke et al., 1982) , anthers (Kumaravadivel and Sree Rangsamy, 1994) , and shoot tips Smith, 1988, 1989; Bhaskaran et al., 1988) .
We report here the regeneration of transgenic sorghum plants after microprojectile bombardment of immature inflorescence explants. Immature inflorescences were selected as explant sources because of their high rnorphogenic responsiveness. The bar transgene was functionally inherited by T~ progeny. However, as was the case with immature embryo explants (Casas et al., 1993) , 13-glucuronidase (GUS) expression could not be detected 3 wk after DNA delivery despite the fact that Southern analyses provided evidence that the transgene was present in the genome. Histological analysis indicated that bialaphos substantially delayed morphogenic callus induction and proliferation. Further, the herbicide either selected for organogenesis or redirected the morphogenic path from embryogenesis.
M.~kTERIALS AND METHODS
Plant material and tissue culture. Five sorghum (Sorghum bicolor L. Moench) genotypes (M91051, P898012, 17954035, PP290, and SRN39), which had been used previously in research to obtain transgenic plants from immature embryos (Casas et al., 1993) , were evaluated initially as inflorescence explant sources. Procedures and media for induction of embryogenic ealli from immature inflorescence explants and plant regeneration from these calli were as described by Cat and Butler (1990) with modifications. Shoots, containing panicles at different developmental stages (1 to 8 cm in length), were collected from greenhouse or field grown plants just prior to the emergence of the flag leaf (Fig. 1 A) . The leaf blades were excised, leaving the sheaths surrounding the inflorescence (Fig. l B) , and the remaining portion was disinfected by spraying a solution of 70% ethanol onto the surface of the shoot• Under aseptic conditions, the leaf sheaths were removed (Fig. 1 C) and the inflorescences (Fig. 1 D) were dissected into floret and rachis segments of about 4 mm 2 ( Fig. 1 E and F) . Thirty to thirty-five explants from three to five different inflorescences were placed onto induction medium contained in a petri plate (10 cm in diameter).
Medium containing ically tested agar (Sigma Chemical Co., St. Louis, MO) was used to induce embryogenic callus from primary explants (induction medium). Three to four weeks after initial culture (one recuhure on induction medium), calli were transferred to maintenance medium containing MS salts, organic basal supplements, 2.0 mg/l of 2,4-D, 0.5 rag/1 of KIN, 30 g/l of sucrose, and 8 g/1 of microbiological grade agar (Sigma). Nodular morphogenic calli were visually selected and subcultured at 2-to 3-wk intervals for a period of up to 4 mo. Cultures on induction and maintenance media were grown in the dark, at 26 ° C.
Shoots were regenerated from morphogenic callus (Casas et al., 1993 ) on medium containing MS salts, organic basal supplements, 1.0 mg/1 of indole-3-acetic acid (IAA), 0.5 mg/l of KIN, 20 g/1 of sucrose, and 8 g/l of agar (Sigma) (regeneration medium). To induce root formation, shoots (about 4 cm in height) were transferred to medium containing MS salts at one-half of the standard concentration, 0.5 mg/1 of c~-naphthaleneacetic acid (NAA), 0.5 rag/ 1 of indole-3-butyric acid (IBA), 20 g/1 of sucrose and 8 g/1 of agar (root initiation medium). Morphogenic callus on regeneration medium and shoots on root initiation medium were cultured under a 16-h photoperiod of 17 to 20 ktE/m2/sec intensity from Cool White fluorescent light and at a constant temperature of 26 ° C. Plants were transferred to soil, acclimated to low humidity and high light intensity in a growth chamber, and subsequently moved to a greenhouse.
DNA delivery, selection in vitro, and analysis of regenerated plants. Micro- projectile-mediated DNA delivery to inflorescence explants was accomplished with the Bio-Rad PDS 1000/He Biolistic Delivery System (Bio-Rad Laboratories, Hercules, California). Inflorescence-derived explants were bombarded following a 1-or 2-wk preculture on induction medium. Sixteen to twenty-four hours before bombardment, explants from an individual culture vessel were placed onto a Baxter #391 glass fiber filter paper disk (2.1 cm in diameter) that had been placed in the center of a petri plate (6 or 8.5 cm in diameter) on the surface of induction medium (Fig. 1 G and H) . Two hours prior to bombardment, filters containing the inflorescence explants were placed onto Whatman #1 filter paper to remove excessive moisture from the surface of the tissues (Casas et al., 1993) . The pPHP620 plasmid containing the bar (encoding phosphinothricin acetyltransferase for bialaphos resistance) selectable marker and uidA (encoding 13-glucuronidase for GUS activity) reporter genes, both driven by a double cauliflower mosaic virus (CaMV) 35S promoter, was used in all experiments (Casas et al., 1993) . Plasmid and nderoparticle preparation and bombardment conditions were as described previously (Casas et al., 1993) . Immediately after bombardment, inflorescence tissues were transferred to induction medium by placing the filter paper onto the surface of the medium (Fig. 1/) . Twenty-four hours later the explants were transferred directly onto the medium (Fig. 1 K) and samples were taken for evaluation of transient GUS expression (Fig. 2 A and B) .
Inflorescence-derived calli, 2 wk after bombardment, were transferred to maintenance medium containing 3 mg/l bialaphos (Meiji Seika, Yokohama, Japan) (Fig. 2 C-F) . Callus was recultured every 2 to 3 wk onto the same medium, including the herbicide, for a minimum of 3 mo. Analysis of GUS expression and screening of plants for herbicide resistance were carded out as previously described (Casas et al., 1993) . Sorghum gcnomic DNA was isolated (Dellaporta et aL., 1983) and transgenes were detected on Southern blots using either a bar or a uidA probe (Casas et al., 1993) . Fifteen ~g of genomic DNA was digested with either EcoRI or Saclt, separated in a 0.8% agarnse gel, blotted onto nitrocellulose membrane, and hybridized with either (Casas et ah, 1993) .
Determination of mitotic activity and histological analysis of morphogenesis. The effects of bialaphos on mitotic activity, callus induction, differentiation, and regeneration were determined using eytological and histological techniques. Primary explants and calli initiated from immature inflorescences of bialaphos-resistant transgenic sorghum plants (cuhivar P898012) were used in these evaluations (Casas et al., 1993) . We hypothesized that analyses of tissues derived from transgenic plants would provide an assessment of herbicide effects specifically on mitosis and morphogenesis, less confounded by cellular responses to bialaphos stress. Cultures on induction medium were maintained without or with 1.0 rag/1 bialaphos and those on maintenance medium in the absence or presence of 3.0 rag/1 bialaphos. Callus induction and differentiation of morphogenic structures and mitotic indices were evaluated on tissues 6 wk after initiation of culture. Further, calli maintained for 9 wk on maintenance medium were transferred to regeneration medium without or supplemented with 1 or 3 mg/l bialaphos. Three weeks subsequently, shoot regeneration was evaluated by histological analysis.
For determination of mitotic activity, tissue samples were fixed for 24 h in ethanol:acetic acid (3:1. vot/vol) mixture and then prepared for microscopic analysis by the Feulgen procedure as described earlier (Kononowicz et al.. 1992a) . At least 6000 cells from three tissue samples were analyzed for the calculation of mitotic indices. Tissue samples for histological analyses were prepared as described previously (Kononowicz et al., 1992b) . RESUUFS Previously, it had been determined that plants could be regenerated from inflorescence explants of all cuhivars used in this research (Cai and Butlel, 1990) . Panicles between 1.5 to 3 cm were the most responsive explants based on frequencies of callus induction and proliferation and plant regeneration. Callus on inflorescence explants was visually diseernible 3 to 4 wk after culture on induction medium (Fig. 2 C-F) . However, there was substantial variation among the euhivars in morphogenie responsiveness after particle bombardment and under bialaphos selection pressure. Explants from the cultivar SRN39 were most morphogenieally responsive. This genotype was used primarily in the remainder of the transformation research described in this report.
DNA delivery and trans-gene expression. Particle bombardment parameters were established based on analyses of transient GUS expression data and histological determination of particle location within tissues. Double bombardment of explants resulted in 10-fold higher GUS activity with minimal evidence of extreme tissue damage (Table 1, Fig. 2 A and B) . Little difference was detected whether 1.0 or 1.7 p_m tungsten particles were used (Table 1) Table 2 .
Removal of moisture from inflorescence explants by blotting the glass fiber disk onto filter paper (see "Materials and Methods") resuited in substantially increased transient GUS expression (data not shown). The drying process also increased adherence of the explants to the filter paper and restricted movement of tissues during bombardment. As was the case with immature embryo explants of sorghmn (Casas et al.. 1993) . GUS activity could not be detected 3 wk following bombardment and anytime subsequently. Floral primordia, floret, and rachis explants, which exhibited the most optimal combined transient GUS expression and morphogenic response, were isolated from inflorescences at developmental stages present in panicles of between 1.5 and 3 cm in length (Fig. 1 D) . Explants from more immature inflorescences (panicles of <1 cm in length) exhibited high transient GUS expression but these explants were morphogenically less responsive. Low GUS activity and callus induction frequency occurred in floret and rachis tissues obtained from inflorescences at later developmental stages (panicles of >5 cm but developmentally immature).
Bialaphos effects on cell division, morphogenesis, and plant regeneration.
Explants and morphogenic callus evaluated in these experiments were derived from bialaphos-resistant transgenic plants. Explant sources were bar homozygous plants (i.e., progeny of a transgenic plant previously obtained) (Casas et al., 1993) . Callus induction and proliferation on maintenance medium was impaired substantially by bialaphos. However, mitotic indices of calli 2 wk after transfer to maintenance medium without or with 3 rag/1 bialaphos were comparable, 4.5 and 4.1%, respectively. Thus, the detrimental effects of the herbicide on callus induction and proliferation were not due to altered cell division frequency or duration of the cell cycle. Three weeks into the induction culture stage, calli on medium without or with bialaphos were a mixture of nodular and compact embryogenic or friable nonembryogenic tissues, respectively (Fig. 3  A and B) . Histological analysis after 9 wk on maintenance medium revealed that bialaphos inhibited frequency of meristematie tissue production and rate of organ development. Morphogenesis on medium without bialaphos was predominantly embryogenesis while on medium with the herbicide organogenesis was substantially more frequent ( Fig. 3 A,C 
,E, and G compared to 3 B,D,F, and H).
In vitro selection strategy and transgenic plant regeneration. Bialaphos dose response experiments led to the determination of a near completely lethal herbicide concentration for selection at the induction and maintenance stages of culture for SRN39 inflorescence ex- plants. Bialaphos, at a concentration of I mg/1 in induction medium and 3 mg/1 in maintenance medium, essentially eliminated callus initiation and proliferation (Fig. 4 A-C) . Small areas of callus that developed on the periphery of bombarded explants were isolated during the first passage on maintenance medium and recultured at 2-wk intervals for at least 12 wk (Fig. 4 D-F) . To the extent possible, only embryogenic callus was isolated and maintained through subculture. However, through time on maintenance medium, morphogenesis via an organogenic pathway predominated in calli. Calli that survived recurrent bialaphos selection on maintenance medium were transferred subsequently to regeneration medium (Fig. 4 G-/) . Most calli that survived selection were derived from explants isolated from 1.5 to 3 cm panicles (Table 3) .
Only about 10% of the calli survived selection during the maintenance stage of culture and produced shoots on regeneration medium with 1 mg/1 bialaphos. Shoots were regenerated typically from compact calli consisting of organized, embryolike structures (Fig. 4  E and F) . Despite poor survival on bialaphos-containing regeneration medium, numerous plants were obtained but almost all were susceptible to Ignite treatment (Table 3) "Inflorescence explants were recultured on maintenance medium with 3 mgh bialaphos for 15, 20, and 12 wk in experiments 1, 2, and 3, respectively. The maturity of the inflorescence explants is designated based on panicle length (cm). The number of petri plates containing explants (see "Materials and Methods") subjected to bombardment (bombarded) are indicated. Plants were regenerated in the medium with I mgO bialaphos. sistant (Table 3) . Southern blot analysis of 29 randomly chosen Ignite-susceptible plants indicated that the bar transgene was not present in these plants.
Molecular and genetic analyses of transgenic plants.
Ignite-resistant plants were obtained from two bombardment experiments (Table   3) . One plant (1702-2H) came from a tiller that was produced by a herbicide-susceptible plant indicating that it derived from a chimeric sector in the original regenerant. Genomic DNA was digested with SacII (restriction site inside the bar open reading frame) or EcoR1 (restriction site on the border of the bar and uidA expression cassettes). Consequently, one insertion of the vector should yield a minimum of two hybridization bands if the DNA was digested with SacH and hybridized with the bar probe. Otherwise, the expected pattern would be one band per insert. Southern analysis indicated the presence of one insertion each of the bar (Fig. 5 A) and uidA (not shown) genes in 1702-2H. The four plants recovered from bombardment number 1752 (A, B, C, and D) had restriction patterns consistent with two insertions of the uidA transgene (Fig. 5 B) but these patterns were similar indicating the likely clonal lineage of these plants. No evidence of GUS expression could be detected in tissues isolated from Ignite-resistant plants.
The five transgenic plants (1702-2H, 1752A, 1752B, 1752C, and 1752D) developed normally and flowered, with the exception that the 1752 plants were male sterile. Genetic inheritance data were based on Ignite-resistance analyses of progeny obtained from 1702-2H serfpollinations or SRN39 X 1752 backcrosses. Essentially, all of the 1702-2H T~ progeny exhibited an Ignite-resistant phenotype (Table  4 ). The segregation ratio was consistent with the independent assortment of four bar genes, despite the fact that Southern analysis indicated the presence of one transgene insertion. The 1752 X 98 CASAS ET AL. (Casas et al., 1993) as a positive control. °Transmission of the herbicide-resistant trait to the progeny was evaluated and quantified as the number of herbicide-resistant and herbicide-susceptible seedlings. Statistically significant (P > 0.05) segregation ratios (expected segregation ratio) are shown.
SRN39 progeny exhibited segregation of three Ignite resistant:one susceptible (Table 4 ). This ratio is consistent with two dominant and independently segregating bar loci.
DISCUSSION
Our choice of inflorescences as explant sources for transformation of sorghum was based on the high movphogenic responsiveness of cells within these organs that might result in higher transformation frequencies than was achievable with immature embryo explants (Casas et al., 1993) . Further, the deve|opment of a transformation protocol using alternative explants should increase the applicability of gene transfer technology to a greater germplasm base enhancing the potential for its effective use in a crop improvement program. In fact, we observed that there was not a high degree of correlation in motphogenic responsiveness of genotypes when embryo and inflorescence explants were compared. This report establishes that inflorescence tissues can be used, in addition to immature zygotic embryos (Casas et al., 1993) , as explants for particle bombardment transformation of sorghum.
One major consideration that led to the choice of immature inflorescences as explant sources was that morphogenesis occurred predominantly via somatic embryogenesis rather than organogenesis (Boyes and Vasil, 1984; George and Eapen, 1988: Rout and Lucas, 1996) . The lineage of somatic emb~os can be traced to differentiation of individual cells in contrast to adventitious shoots that can originate from muhicellular structures (Parrott et al., 1991; Morrish et al., 1993; Vasil and Vasil, 1994; Merkle et al., 1995) . Because each transformation event is a unique DNA integration(s) into the genome of an individual cell, the unicellular origin of somatic embryos facilitates recovery of homogeneous (nonchimeric) plants. Even if chimerism occurs, genetic homogeneity can be established in the next generation of progeny because germ cells are derived from unicellular origin. However, transformation chimerism substantially impedes establishment of effective selection protocols, particularly if the transformed sector of the tissue or organ is a minor component of the propagule when selection pressure is imposed. Histological analysis indicated that bialaphos selection pressure either selected for organogenesis or redirected the morphogenic pathway to organogenesis in inflorescence-derived morphogenic callus. This may have been the basis for the chimeric transgenic sorghum plant that was recovered after particle bombardment of inflorescence explants and in vitro bialaphos selection. Similarly, the antibiotic hygromycin promoted root formation in wheat embryogenic calli (Vasil et al., 1993; Nehra et al., 1994) . On the contrary, Vasil et al. (1993) and Perl et al. (1996) reported that Basta promoted embryogenesis from callus of wheat and grape, respectively.
The frequency of transformation attained in this research was substantially lower than that described for inflorescence explants of tritordeum (Barcelo et al., 1994) . A number of factors may have contributed to this low transformation efficiency. Transient GUS expression in sorghum tissues was always much less than in type I and type II maize calli that were used as positive controls for each bombardment episode. Furthermore, GUS activity could not be detected in calli that had been maintained for 3 wk on bialaphos selection, despite the fact that the Southern analyses indicated the presence of the uidA gene. This implicates the possibility of transgene inactivation. Transgene inactivation (especially of the nonselected reporter gene) has been attributed to effects on transcription that are a consequence of genome integration sites (Vehen, 1991; Finnegan and McElroy, 1994; Loo and Rine, 1994) , DNA methylation of the transgene (Renckens et al., 1992: Finnegan and McElroy, 1994; Ingelbrecht et al., 1994; Wassenegger et al., 1994) , or homology-dependent gene inactivation (Jorgensen, 1990; Assaad et al., 1993; Matzke, 1993: Matzke et al., 1994a) . It is also possible that rearrangements of the uidA transgene had occurred resulting in inactivation. Transgene silencing has been observed following transformation with genes that have sequence homology to host plant DNA or when multiple copies of homologous sequences are included in the vectors (Assaad et al., 1993; Hobbs et al., 1993; Matzke, 1993: Matzke et al., 1994b) . Because it has been shown that homologous sequence fragments as short as 90 bp can mediate gene suppression (Matzke et al., 1989; Vaucheret, 1993) , it is possible that the common double CaMV 35S promoter TRANSGEN1C SORGHUM 99 on the reporter and selectable marker genes in the sorghum transformation vector led to stable inactivation of uidA gene expression. Because uidA gene expression was attenuated in sorghum tissues (Casas et al., 1993) , it is possible that expression of the bar gene was similarly attenuated (Renekens et al., 1992) substantially impacting selection for bialaphos-resistant callus. However, Southern analysis of 29 plants that were obtained after bialaphos selection pressure did not provide evidence of bar gene inactivation.
The numerous "escapes" that occurred in the population of regenerated plants is attributable to an inadequate selection protocol despite the fact that bialaphos concentrations used at different culture stages were determined from dose response experiments. Numerous factors may have contributed to this result, including ineffective selection agent, inadequate concentration of the selection agent, delay in application of selection pressure, bialaphos cross-protection that may have been facilitated by the size of the explants, and recultured propagules or the strength of the promoter driving bar, media constituents that may reduce the effectiveness of bialaphos, etc. (Dekeyser et al., 1989; Dennehey et al., 1994; Christou and Ford, 1995: Dalton et al., 1995) . Unlike other systems, high fidelity selection was not achieved in the regeneration or rooting stages of culture.
Described in this report are results demonstrating the feasibility of using inflorescences as explants to obtain transgenic sorghum plants. Transmission of the bar gene to and expression in progeny of two transgenic events to the T e and T 3 generations, respectively, have been confirmed. Howevm; the above-described constraints to efficient transformation using these explants preclude the applicability of the technology, in its present state, for routine use in a crop improvement program.
